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ABSTRACT 
The role of dilution by artificial hard water on nanostructures present in body wash 
samples provided by Procter and Gamble were investigated using time-resolved cryogenic 
transmission electron microscopy (cryo-TEM). Samples with and without perfume were 
examined at 10X, 20X, and 50X dilution. Micellar samples transformed to mostly 
unilamellar vesicles at 50X dilution, in contrast to the micelle to monomer transition seen 
in typical samples. At lower dilutions, a change in morphology from spherical to wormlike 
micelles was observed. For lamellar samples, lower dilution ratios show tightly packed 
multilamellar vesicles, while higher dilution ratios show more dispersed vesicles with less 
bilayers. Nanostructural transformations upon dilution were attributed to changes in 
curvature/packing parameters, which occurred due to dilution with hard water and addition 
of perfume. The systems experience changes in curvature in order to maintain equilibrium. 
Also, the addition of perfume in the lamellar samples caused an increase in the number of 
bilayers present in multilamellar vesicles, because of its role in increasing the packing 






  iii 
ACKNOWLEDGMENTS 
Words are not enough to express my gratitude to my Major Professor, Arijit Bose, 
who has helped, supported, and guided me throughout the whole process.  
Thank you to Procter and Gamble for providing the samples and financial support for 
this study. Thank you to Richard Kingsley at URI for providing cryo-TEM sample 
preparation and operation training, as well as for taking the images used in this study. Also, 
thank you to Yanjing Chen at URI for training/help with role transition given at the 
beginning of this study.  
Additional thank you to Rosi Smith, Rebekah Gomez, Maria Liebhauser, and their 
families for all of the love and support.  
Thank you to my mother’s side of the family for always being by my side. Without all 
of your love, support, help, encouragement, and faith in me, I would not have been able to 
close this chapter in my life. Special thanks to my grandparents, my aunt Claudia, and my 
uncle Joel.  
Finally, thank you to my mother who has always motivated my brother and me to do 
our best in life. Her strength, determination, and caring personality have inspired me to 








  iv 
TABLE OF CONTENTS 
 
           
ABSTRACT .................................................................................................................. ii	
ACKNOWLEDGMENTS .......................................................................................... iii	
TABLE OF CONTENTS ........................................................................................... iv	
LIST OF TABLES ........................................................................................................ v	
LIST OF FIGURES .................................................................................................... vi	
CHAPTER 1 .................................................................................................................. 1	
INTRODUCTION .......................................................................................................... 1	
CHAPTER 2 .................................................................................................................. 3	
EXPERIMENTAL METHODS ...................................................................................... 3	
CHAPTER 3 .................................................................................................................. 7	
RESULTS AND DISCUSSION ..................................................................................... 7	






  v 
LIST OF TABLES 
 
TABLE          PAGE 
Table 1. Chemical names and structures of surfactants and salt present in original samples 






































  vi 
LIST OF FIGURES 
 
FIGURE          PAGE 
Figure 1. Blotless method schematic for cryo-TEM sample preparation. .....................5 
Figure 2. Summary of Micellar sample, vortex mixed for 15 seconds, cryo-frozen within 
20 seconds using blotless method: A,B,C) no perfume; D,E,F) with perfume; A,D) 10x 
dilution; B,E) 20x dilution; C,F) 50x dilution.  
Red arrows indicate micelles. Blue arrows indicate initial transition to small vesicles. 
Purple arrows indicate vesicles... ...................................................................................7 
Figure 3. Graph showing how the area of the vesicles present changes due to dilution for 
the micellar samples with and without perfume at 10x, 20x, and 50x dilution. The black 
squares and error bars indicate area values (in nm2) for Mi samples at the different 
dilutions, and the red circles and error bars indicate area values (in nm2) for MiP samples 
at the different dilutions. ................................................................................................8 
Figure 4. Graphs showing the areas of the vesicles present for each dilution in nm2. The 
black bars indicate Mi samples and the red bars indicate MiP samples ........................9 
Figure 5. Summary of Lamellar sample, vortex mixed for 15 seconds, cryo-frozen within 
20 seconds using blotless method: A,B,C) no perfume; D,E,F) with perfume; A,D) 10x 
dilution; B,E) 20x dilution; C,F) 50x dilution. Purple arrows indicate unilamellar 
vesicles. Green arrows indicate multilamellar vesicles. Pink arrows indicate bilamellar 
vesicles. As dilution increases, curvature increases, causing transformations from larger 
vesicles to smaller vesicles with less layers. ................................................................10 
Figure 6. Graph showing how the area of the vesicles present changes due to dilution for 
  vii 
the lamellar samples with and without perfume at 10x, 20x, and 50x dilution. The black 
squares and error bars indicate area values (in nm2) for La samples at the different 
dilutions, and the red circles and error bars indicate area values (in nm2) for LaP samples 
at the different dilutions. ..............................................................................................11 
Figure 7. Graphs showing the areas of the vesicles present for each dilution in nm2. The 










  1 
CHAPTER 1 
INTRODUCTION 
Body wash is an important consumer product. It consists of a complex mixture of 
surfactants and polymers, designed to produce rapid detergency action upon mixing with 
water and rubbing on skin, while providing the right feel for the user and being gentle on 
the skin [1, 2]. Its properties and performance are intimately related to the nanostructures 
present in the wash and changes to these nanostructures taking place because of dilution 
and mixing with water [1].  
Micellar and lamellar systems can be found in many consumer products such as 
body wash, laundry detergent and shampoo [3]. These consumer product formulations 
often contain salts and perfume/raw materials, as well as different types of surfactants. 
There have been many studies focusing on the effects which the addition, removal, and 
change in concentration of these components have on these systems, as well as how shear 
affects the structures present in these systems [3-13]. Even so, there is still limited 
understanding as to how dilution affects the nanostructures present.  
The skin barrier is a powerful film, made up of three major components: free fatty 
acids, ceramides, and cholesterol [14, 15]. A properly functioning skin barrier keeps out 
allergens, foreign materials, and reduces transepidermal water loss, therefore reducing 
skin dryness and irritation by keeping the balance between moisture and hydration, 
ultimately preventing skin diseases such as atopic dermatitis [15-17]. It is well known 
that certain surfactants such as SLS can be very harsh on the skin and actually strip the 
skin, meaning that although effective for cleansing all of the dirt and unwanted particles 
from skin, they also remove some of these major components of many of the skin barrier 
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[18]. This stripping of the skin barrier can cause slower skin regeneration after irritation 
occurs, and also makes penetration of foreign material and allergens easier, which can 
lead to conditions such as atopic dermatitis [16, 19]. Although there are now many 
gentler surfactants which are being studied and used, structural transformations in 
nanostructures present in these cleansing formulations can also have a drying effect, since 
it has been suggested that smaller nanostructures present in cleansing products tend to be 
more irritating to skin [19, 20].  
This study focuses on the effects of dilution on the nanostructures present in micellar 
and lamellar systems. Specifically, the micellar and lamellar systems in this study are 
diluted with a salt solution (hard water), meaning that it may cause unexpected 
transformations to take place upon dilution [21]. However, there are many other factors 
which also need to be taken into consideration when diluting a system, such as mixing 
time, mixing method, whether or not perfume is present in the sample, and the sample 
preparation technique for cryogenic transmission electron microscopy (cryo-TEM).   
Investigating what kinds of nanostructural transformations occur in different 
surfactant systems upon dilution with hard water, and using the results from this study in 
conjunction with previous knowledge regarding the maintenance of the skin barrier 
integrity, may be useful in the future optimization of body wash formulations, as well as 
cleansing formulations in general, to minimize skin irritation, dryness, and diseases such 








Artificial hard water was made by adding 4.1 mg of calcium chloride dihydrate and 
6.2 mg of magnesium chloride hexahydrate to 50 mL of DI water [22]. Total permanent 
water hardness was calculated by first calculating the concentration of Ca2+ and Mg2+ 
present in the DI water (in mg/L), since these are the prime cation contributors to water 
hardness [23]. These values were then expressed as equivalents of CaCO3 and were 
added together to obtain a total hardness value [23]. The hard water used throughout this 
study was calculated to have a total hardness of 117 mg/L which is classified as 
moderately hard [24]. This method for making hard water in a laboratory is considered to 
be standard and was used because it most closely imitates the water people have access to 
in their homes [25].  
The body wash samples were provided by Procter and Gamble. Samples of 10X 
dilution were made by mixing 300 microliters of original sample with 2700 microliters of 
hard water. Samples at 20X dilution were made by mixing 150 microliters of original 
sample with 2850 microliters of hard water, and samples at 50X dilution were made by 
mixing 60 microliters of original sample with 2940 microliters of hard water.  
Sample Mixing 
When body wash is used in the shower, a substantial amount of foam is produced 
with ease via dilution and scrubbing action. In order to mimic this production of foam 
samples were vortex mixed for 15 seconds, and then vitrified within 20 seconds after 
mixing. This mixing time of 15 seconds was chosen through personal experience and 
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inquiry about how long (on average) acquaintances spent using body wash while 
showering.  Only the liquid layer was imaged.  
The four original samples received from Procter and Gamble were: micellar no 
perfume (Mi), micellar with perfume (MiP), lamellar no perfume (La) and lamellar with 
perfume (LaP). Dilution will be indicated after these labels in order to indicate samples 
being referred to throughout this study (e.g. Mi10x would refer to the micellar sample 
with no perfume at 10x dilution).  
Table 1. Chemical names and structures of surfactants and salt present in original 
samples received from Procter and Gamble.  






























Sodium Chloride NaCl Na+—Cl-  58.44 La, LaP 
Note: Information for Trideceth-3 (formula and structure) given by Procter and Gamble 
The table above shows the main/important components of the samples, which are 
mainly surfactants which were present. The chemical names were given by Procter and 
Gamble.  
Cryogenic Transmission Electron Microscopy (cryo-TEM) 
A blotless method was chosen for cryo-TEM sample preparation to avoid artifacts 
created by shear [28]. After pipetting the sample onto a holey carbon grid, excess liquid 
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was removed via syringe or capillary tube. The syringe (or capillary tube) was placed 
parallel to the plane of the grid as seen in the figure below.  
 
Figure 1. Blotless method schematic for cryo-TEM sample 
preparation  
 
 This geometry allowed sample to be thinned out without introducing any flow 
within the grid holes, therefore removing any shear-induced artifacts from the sample and 
images [28]. The sample was then vitrified in ethane and stored in a liquid nitrogen dewar 
until it was imaged.  The grid was placed on a Gatan 626 DH cryo holder, inserted into a 
JEOL 2100 TEM. The sample’s temperature was maintained at -165C during imaging. 
Image Analysis 
In order to estimate vesicle size (area in nm2) ImageJ was used. The diameter of the 
vesicles was measured directly when round vesicles were present. However, for 
irregularly shaped vesicles the diameter had to be estimated in order to calculate the area 
as accurately as possible. The particle analysis functions were tested, but were not used 
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due to the complex nature of the systems imaged and low image contrast. Manual 
analysis proved to be the most effective choice for this study. 
Results obtained through ImageJ analysis were averaged and the mean areas were 
plotted. Standard deviations are reported as error bars. They were also graphed as 
histograms. The outliers in the data were not included in the graphs, due to the fact their 
large values distorted the axis, making the smaller vesicle areas more difficult to 
visualize. However, they are included and highlighted in yellow in the Appendix. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
Images of the micellar samples with and without perfume at the different dilutions 
are shown in Figure 2.  
 
Figure 2. Summary of Micellar sample, vortex mixed for 15 seconds, cryo-frozen 
within 20 seconds using blotless method: A,B,C,D) no perfume; E,F,G,H) with 
perfume; A,E) 10x dilution; B,F) 20x dilution; C,D, G, H) 50x dilution.  
Red arrows indicate micelles. Blue arrows indicate initial transition to small vesicles. 
Purple arrows indicate vesicles. 
 
From these images, it can be seen that in general, as the dilution increases the size of 
the structures increases in the micellar system with no perfume. Also, when less dilute, 
there are no vesicles present in the system. Only micelles and wormlike micelles can be 
seen.  
Figure 3 shows a graph indicating how the area of the vesicles present in the samples 
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Figure 3. Graph showing how the area of the vesicles present changes due to dilution 
for the micellar samples with and without perfume at 10x, 20x, and 50x dilution. The 
black squares and error bars indicate area values (in nm2) for Mi samples at the 
different dilutions, and the red circles and error bars indicate area values (in nm2) for 
MiP samples at the different dilutions.  
 
From this graph, the size increase due to dilution as seen in the Mi and MiP images 
from figure 2 can be confirmed. Figure 4 shows graphs of the micellar samples at 20 and 
50 times dilution. When compared to figure 3 above, the overall size increase upon 
dilution can be confirmed, as well as the fact that there is more variability in the micellar 
samples at 50x dilution. It should be noted that for both the Mi and MiP samples at 50 
times dilution, there are some larger values which were included in these graphs, which 
are highlighted in the appendix. These larger values also contribute to the large standard 
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Figure 4. Graphs showing the areas of the vesicles present for each dilution in nm2. 
The black bars indicate Mi samples and the red bars indicate MiP samples.  
 
This is different from what is usually expected, as micelles would usually transform 
into monomers upon dilution, since the surfactant concentration in the system would be 
below the CMC [29]. However, in this case the systems were diluted with hard water, 
which is a salt solution. The addition of salts to micellar systems have been shown to 
increase the packing parameter by reducing headgroup repulsion, even at low surfactant 
concentrations, therefore inducing micelle/wormlike micelle formation [3, 30, 31]. As 
more salt solution is added to the system, the packing parameter continues to increase, 
and eventually vesicle formation becomes more favorable, as seen in the vesicle images 
in figure 2 [21, 32]. Initially, salt is absent from the original micellar samples, as shown 
in table 1, which further suggests that the reason for vesicle formation is the addition of 
salt via hard water. However, as the dilution increases and the surfactant ratio decreases, 
the addition of salt would have less of an impact and the system would follow the logical 
transition from vesicles to micelles and eventually to monomers.  
It is known that the addition of perfume may alter the curvature and packing 
constraints of a system, depending on whether it acts as a co-surfactant and/or co-solvent, 
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therefore causing changes in the structures present [33-35]. It is more commonly assumed 
that perfume acts as a co-surfactant, allowing  the formation of vesicles with more 
bilayers [33-35]. However, in the micellar samples, the perfume does not seem to have 
much of an effect. The only noticeable effect is that the standard deviation for the 
samples with perfume is larger than the standard deviation for the no perfume samples, 
meaning that there is a larger size distribution in the perfume samples. Given the large 
standard deviation overall, there is not a noticeable difference in the sizes of the 
structures found in the Mi and MiP samples.  
The remaining figures show images of the lamellar systems with and without 
perfume at 10x, 20x, and 50x dilution.   
 
Figure 5. Summary of Lamellar sample, vortex mixed for 15 seconds, cryo-frozen 
within 20 seconds using blotless method: A,B,C) no perfume; D,E,F) with perfume; 
A,D) 10x dilution; B,E) 20x dilution; C,F) 50x dilution. Purple arrows indicate 
unilamellar vesicles. Green arrows indicate multilamellar vesicles. Pink arrows 
indicate bilamellar vesicles. As dilution increases, curvature increases, causing 
transformations from larger vesicles to smaller vesicles with less layers.  
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As a general trend, both lamellar systems (with and without perfume) show a 
decrease in vesicle size with increase in dilution ratio. This is quite different from the 
micellar samples which showed changes from wormlike micelles and micelles to 
vesicles. In lamellar systems, the addition of salt has less of an effect on the structural 
transformations, while the effects of perfume are more obvious. This can also be 
attributed to the fact that there was already some salt present in the original lamellar 
samples before the addition of hard water, as shown in Table 1. The only thing that salt 





Figure 6. Graph showing how the area of the vesicles present changes due to 
dilution for the lamellar samples with and without perfume at 10x, 20x, and 50x 
dilution. The black squares and error bars indicate area values (in nm2) for La 
samples at the different dilutions, and the red circles and error bars indicate area 
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Figure 6 shows a graph indicating how the area of the vesicles present in the samples 
changes as a function of dilution. However, like the micellar samples, the standard 
deviation is larger for the LaP samples, and smaller for the La samples, meaning that the 
size distribution is larger for the LaP samples. Given the large standard deviation, one 
might say that there is no change, however this is due to a smaller number of outliers 
present throughout the samples. Overall, it can be seen through the images that the area 
does decrease with an increase in dilution.  
 
 
Figure 7. Graphs showing the areas of the vesicles present for each dilution in nm2. 
The black bars indicate La samples and the red bars indicate LaP samples. 
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The general trend showing a decrease in size with dilution increase shown in the 
graph is in agreement with the visual results shown in figures 6 and 7. Another outcome 
that is initially surprising is that the average vesicle size at 20x dilution is slightly larger 
than the average vesicle size at 10 times dilution. However, upon closer inspection this 
makes sense for a few reasons. First, the variability for the samples at 20 times dilution 
are larger, meaning that the ranges of vesicle sizes are larger. Also, although the majority 
of the vesicles are smaller and have less bilayers at 20 times dilution, there are a few 
which are larger and contain many smaller vesicles within.  
In aqueous solutions, surfactants often aggregate into structures, due to enthalpic or 
entropic driving forces [37, 38]. The curvature of this aggregate can change depending on 
many variables such as temperature, surfactant concentration, pH, as well as addition of 
electrolytes/salt, head group size, surfactant tail length, and number/types of surfactants 
present [39-41]. Structures formed in these systems depend on the curvature of these 
films, and in some instances these films form micelles by closing up [39]. Similarly, in 
systems with multiple surfactants present, surfactant bilayers may close up and form 
vesicles [39]. More specifically, the flexibility/rigidity of the film, which depends on the 
packing parameter, dictates what kind of aggregates are formed in the system; tail length 
and flexibility also have an effect on structures formed and on transitions that take place 
in mixed surfactant systems [30, 42-44].  
Perfume seems to take on a co-surfactant role in the lamellar samples, due to the fact 
that the systems with perfume contain vesicles with many more layers than the ones 
found in the no perfume systems. By acting as a co-surfactant, the perfume would 
increase the surfactant efficiency by increasing the hydrophobicity of the surfactant, and 
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therefore increasing the packing parameter, causing vesicles to form more readily [34]. 
Although effects of shearing have been known to produce multilamellar vesicles in mixed 
surfactant systems, and are a factor in the structures present, the same shear was applied 
to the samples over the same timescale, therefore the increase in layer number from the 
no perfume sample to the sample with perfume can be directly attributed to the co-
surfactant qualities of the perfume [45-49]. Also, since the amount of hard water added at 
each dilution is the same, salt cannot account for the difference in layers seen in the La 
and LaP samples.  
Dilution expands the water layer, lowering the surfactant concentration present in the 
system. In order to maintain equilibrium, curvature must increase, causing the transition 
from larger vesicles to smaller unilamellar and bilamellar as seen in figure 5 [50, 51]. 
Therefore, a logical progression of expected structures observed with increasing dilution 
would be: multilamellar vesicles→unilamellar/bilamellar vesicles→micelles.  
Since the micellar samples have a different formulation than the lamellar samples, 
the progression would be slightly different: wormlike 
micelle/micelle→unilamellar/bilamellar→ micelle, and eventually monomers.  After 
dilution, the size of the structures would initially increase, and there would be a transition 
to vesicles, however upon further increase of the hydrophilic layer, the decrease in 
surfactant density would cause larger structures to break up and would transform into a 
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CHAPTER 4 
CONCLUSION 
As the dilution increases, initially micellar and lamellar systems seem to behave 
differently.  Both micellar systems show an overall increase in the sizes of the 
nanostructures present, shown by the formation of larger, unilamellar vesicles from 
wormlike micelles/micelles. For lamellar samples, lower dilution ratios show tightly 
packed multilamellar vesicles, while higher dilution ratios show more dispersed vesicles 
with less bilayers. However, it has been predicted that both systems would eventually 
show transitions to from vesicles to micelles, and eventually monomers at even higher 
dilutions.  
The effects of perfume on the nanostructures present in the samples were also 
considered, and it was found that the addition of perfume in lamellar samples caused 
more bilayers to form, though this did not always indicate a larger vesicles size. These 
effects indicated the role of perfume as a co-surfactant in the lamellar sample. In the 
micellar sample, the role of perfume was negligible. The mean area calculated for the 
samples with perfume was slightly larger than the no perfume sample, but due to the 
large standard deviation, it can’t be said that perfume made a meaningful difference in 
the formulation.  
Suggestions for future work  
In order to see nanostructural transformations at smaller dilution increments, future 
experiments with more dilution ratios in between those used in this study (such as 15x, 
30x, and 40x) should be tested. Also, in order to achieve a better understanding of what 
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the final nanostructures present are at higher dilutions, dilutions such as 120x, 150x, and 
200x should be tested. 
Some other suggestions for future work would be to use methods such as DLS in 
order to investigate the sizes of the nanostructures present more closely. The values 
obtained through DLS could then be compared to the values to the values obtained 
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APPENDIX 
 
Mi 10x Vesicle Area (nm2) MiP 10x Vesicle Area (nm2) 
 0  0  
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